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Functional repertoire of protein kinases and 
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Abstract  
Protein phosphorylation and dephosphorylation are two essential and vital cellular 
mechanisms that regulate many receptors and enzymes through kinases and phosphatases. 
Ca2+- dependent kinases and phosphatases are responsible for controlling neuronal 
processing; balance is achieved through opposition. During molecular mechanisms of 
learning and memory, kinases generally modulate positively while phosphatases modulate 
negatively. This review outlines some of the critical physiological and structural aspects of 
kinases and phosphatases involved in maintaining postsynaptic structural plasticity. It also 
explores the link between neuronal disorders and the deregulation of phosphatases and 
kinases.
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Introduction 
Our nervous system has an extraordinary capacity to adapt, 
form, and store memories based on activity-dependent 
synaptic alterations. It is well-known that synaptic functions 
are correlated with structural changes in the synapse 
(Matsuzaki et al., 2004; Bonhoeffer and Caroni, 2016). 
However, the interrelationship between functional and 
structural changes is poorly understood in terms of memory 
formation and stabilization (Meyer et al., 2014; Monday 
and Castillo, 2017). Experimental studies have identified 
the biochemical basis for synaptic plasticity, that is, long-
term potentiation (LTP) (an activity-dependent increase in 
synaptic efficacy), and long-term depression (LTD) (an activity-
dependent decrease in synaptic efficacy) (Malenka and Bear, 
2004). However, structural changes related to memory have 
not been explained in sufficient detail (Sala and Segal, 2014; 
Holtmaat and Caroni, 2016). 
Lisman proposes a bi-stable system consisting of two major 
classes of biomolecules; that is, protein kinases (PKs) which 
are capable of phosphorylation and protein phosphatases (PPs) 
which can dephosphorylate PKs (Lisman et al., 1985). These 
mechanisms are considered bi-stable elements of synaptic 
plasticity. A kinase-phosphatase system can be triggered by 
an external stimulus, and it remains active despite protein 
turnover (Zhabotinsky, 2000; Pi and Lisman, 2008). Therefore, 
the specific outcome of synaptic plasticity is dependent upon 
the relative balance between PPs and PKs coordinated activity 
(Pagani and Merlo, 2019). Numerous studies on learning 
and memory have been reported the coordinated activity 
relationship between PKs and PPs (Woolfrey and Dell’Acqua, 
2015). In a neuron, key PPs and PKs work in opposition to 
maintain balance (Hu et al., 2003). For example, PKs activity 
increases during LTP and decreases during LTD. However, in 
the case of PPs, activity decreases during LTP and increases 
during LTD (Pi and Lisman, 2008; Pagani and Merlo, 2019). 
These activities involve both structural and functional changes 
in the nervous system (Thiels et al., 1998; Rozov et al., 2017). 
An overall increase in postsynaptic size and volume has been 
reported during LTP (Petrovic et al., 2017; McLeod et al., 
2018). In contrast, studies on LTD have shown a postsynaptic 
decrease in size and volume (Becker et al., 2008; Sala and 
Segal, 2014). These changes are dependent on the behaviour 
of both PKs and PPs, involved in the regulatory mechanisms 
of synaptic plasticity (Shi, 2009; Sanderson et al., 2018). Any 
disturbance in the balance or activity impairs the memory 
and learning process that can lead to neuropathological 
conditions. Therefore, it is necessary to discuss here key PKs 
and PPs at the molecular level to understand the structural 
and functional memory-related abnormalities. 
In this review, we explain the critical PKs and PPs involved in 
the memory process. It includes essential PKs involving Ca2+/
calmodulin-dependent protein kinase II (CaMKII) (McDonald 
and Moss, 1994; Blitzer et al., 1998), cAMP-dependent protein 
kinase A (PKA) (Swope et al., 1992; Esteban et al., 2003), 
Ca2+/phospholipid-dependent protein kinase C (PKC) (Ben-
Ari et al., 1992), myosin kinase (MK) (Rex et al., 2010), Rho 
kinases (Lamprecht and LeDoux, 2004; Tolias et al., 2011), p21 
activated kinases (PAK) (Albin and Davis, 2004; Asrar et al., 
2009). We also include PPs such as Calcineurin (CN) (Rusnak 
and Mertz, 2000; Ke and Huai, 2003), protein phosphatase 
1 (PP1) (Bollen et al., 2000; Cohen, 2002), and protein 
phosphatase 2A (PP2A) (Janssens and Goris, 2001). 
Firstly, we discuss the physiological basis of activity-dependent 
synaptic changes explaining the role of PKs and PPs in LTP and 
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LTD, respectively. We further discuss their regulation, based on 
the structural features of critical biomolecules, and highlight 
their effect during neuronal stimulation. Finally, we discuss 
the studies on neurological disorders/neuropathological 
conditions and their relationship with the disturbance in 
activity-dependent morphology of the synapse. 
Search Strategy and Selection Criteria
Data retrieval
In this work, we used bibliometric methods to investigate 
research trends in key protein kinases and phosphatases. 
Lincoln University database, a research database of 
publications and citations created by the Lincoln University, 
Lincoln, New Zealand, was selected and evaluated, using the 
keywords ‘morphological changes*’, ‘protein kinase*’, ‘protein 
phosphatase*’, and ‘neurological disorders*’. We limited 
the period of publication from 1990 to 2020 to evaluate the 
extensive research data and results.
Inclusion criteria
(a) Published and indexed peer-reviewed articles on protein 
kinases and phosphatases and their impact on morphology 
of the brain; (b) type of article: original research articles and 
reviews; (c) year of publication: 1970–2020.
Exclusion criteria
(a) Articles that required manual searching or telephone 
access; (b) a number of corrected papers or book chapters 
from the total number of articles.
Role of Protein Kinases and Protein 
Phosphatases in Long-Term Potentiation and 
Long-Term Depression  
LTP and LTD are associated with an increase in Ca2+ 
concentration at postsynaptic sites in the hippocampal CA1 
region (Wang et al., 2019). A high-frequency stimulation 
(HFS) cause an increase in Ca2+ concentration activating Ca2+-
sensitive PKs which are involved in LTP induction through the 
activation of both NMDA-glutamate receptors (NMDARs) and 
AMPA receptors (AMPARs) (Park et al., 2016). However, a low-
frequency stimulation (LFS) cause reduced Ca2+ influx through 
NMDAR resulting LTD.
NMDARs and AMPARs play a crucial role during expression 
of both LTP and LTD. NMDARs have a heterotetrameric 
structure which consists of two GluN2A-2D and two GluN1 
subunits which are permeable to Ca2+, Na+, and K+. NMDARs 
have become a significant research interest due to their 
involvement in multiple neurological disorders. It occurs as 
different subtypes with distinct composition and biophysical 
properties. AMPARs are also heterotetrameric structures 
which consist of GluA1-GluA2 subunits. In contrast, these 
subunits permit Na+ and K+ to enter the neuron and block Ca2+ 
due to its GluA2 subunits (Chater and Goda, 2014). AMPARs, 
with GluA1 subunits, are permeable to Ca2+ and present 
in extrasynaptic and intracellular locations (Woolfrey and 
Dell’Acqua, 2015).
Brief but strong Ca2+ influx through NMDARs can activate PKs 
and alter synaptic strength by modifying, adding, or removing 
AMPARs (Lussier et al., 2015). For example, kinases like 
CaMKII can enhance AMPARs activity through phosphorylating 
AMPARs during LTP (Huganir and Nicoll, 2013). AMPARs get 
phosphorylated on C-terminal residues of GluA1 subunits and 
thus can modify synaptic localization and channel biophysical 
properties (Figure 1A). This process increases synaptic 
incorporation and single-channel conductance during LTP. 
Similarly, cAMP-dependent PKA also phosphorylates AMPAR-
GluA1 at Ser-845. This not only increases the probability of 
an open channel but also stimulates AMPARs exocytosis to 
drive AMPARs for synaptic insertion during LTP (Serwach and 
Gruszczynska-Biegala, 2019). Consequently, although CaMKII 
is an essential kinase and a sensor for Ca2+ signalling during 
LTP, potentiation requires the coordinated and organised 
activity of multiple kinases (Figure 1B).
In LTD, phosphatases play a more significant role than kinases. 
LTD expression requires changes in postsynaptic NMDAR 
mediated Ca2+ influx, and activation of PP1 and/or PP2A. As a 
result, AMPARs dephosphorylation and subsequent changes 
of postsynaptic targets occur during LTD. Dephosphorylation 
of AMPAR-GluA1 at Ser-845 is critical to prevent recycling and 
a preference for receptor degradation, which causes AMPARs 
removal during LTD and leads to endocytosis (Anggono and 
Huganir, 2012; Cahill and Milton, 2019). 
Studies have identified a link between PP1/PP2A activity with 
LTD (Chiu et al., 2019). Similarly, CN is the primary and direct 
transducer of NMDAR Ca2+ signalling during LTD, but other PPs 
and PKs also play critical roles during LTD (Figure 1C). 
Regulation of Postsynaptic Protein Kinases and 
Structural Plasticity
Ca2+/CaMKII
CaMKII is a multifunctional kinase classified as a Serine/
Threonine kinase. It controls various Ca2+ mediated activities 
within neurons, including synaptic plasticity, gene expression, 
and neurotransmitter release (Skelding and Rostas, 2020). 
It can be divided into 12-meric holoenzyme from α, β, γ, 
and δ isoforms (Figure 2A). α isoforms are found in excess 
in neurons, compared to β, γ, and δ. CaMKII is involved in 
Ca2+ regulation and mainly enriched at synapses (Myers et 
al., 2017). During its activation state, there is a time window 
in which actin can be significantly reorganized (Incontro et 
al., 2018). In this way, CaMKII assumes a bifunctional role in 
synaptic plasticity: a structural role during the basal state, 
linking structural and functional plasticity, and a signalling role 
in transient periods of neuronal activity (Herring and Nicoll, 
2016).
HFS causes Ca2+ elevation in the postsynaptic neuron 
(Dittmer et al., 2019) to form a Calcium-Calmodulin (Ca2+ – 
CaM) complex. Ca2+ – CaM binds with CaMKII, exposing the 
active site (Thr-286 in the case of CaMKII-α, Thr-287 in the 
case of β, γ, δ) in exogenous substrates and autoinhibitory 
domain (Bhattacharyya et al., 2016, 2020). In the case of 
CaMKII- α, Thr-286 is involved in autophosphorylation, 
which plays a critical role in the functional modification of 
CaMKII. Functional modification occurs in two ways. Firstly, 
the saturation of CaMKII with Ca2+ increases Ca2+ – CaM 
binding affinity. Secondly, it prevents the active site of the 
autoinhibitory domain from taking over to keep kinase 
partially active. This practice is described as CaMKII autonomy 
(Figure 2B) (Woolfrey and Dell’Acqua, 2015). 
CaMKII plays a significant role in AMPARs trafficking. 
Phosphorylation of the AMPAR-GluA1 subunit at Ser 831 
promotes AMPARs trafficking (Diering  and Huganir, 2018; 
Jurado, 2018). HFS causes the rapid phosphorylation of 
AMPARs, GTPase regulators, and adhesion molecules (Araki 
et al., 2015;). Several Transmembrane AMPAR Regulatory 
Proteins (TARPs) have been identified that control both 
trafficking and functional properties of AMPARs (Coombs 
and Cull-Candy, 2009; Park, 2018). Stargazin is one of the 
critical TARP that regulates AMPARs recruitment by PSD-93 
and PSD-95 and trafficking within synapse (Elias et al., 2008; 
Vallejo et al., 2017). Ca2+ entry, through NMDAR, encourages 
the phosphorylation of stargazin by decreasing stargazin 
C terminus association with the plasma membrane, thus 
rendering it closer to CaMKII. The consequent phosphorylation 
promotes stargazin C terminus binding with PSD-95, thus 
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preventing re-association with the plasma membrane (Hell, 
2014). 
The structural plasticity of dendritic spines requires CaMKII 
activity. Pharmacological inhibitory studies, which use 
NMDAR and CaMKII inhibitors to prevent glutamate-induced 
long-term enlargement, suggest activity-dependent spine 
growth. While the kinase activity of CaMKII is not involved 
in the maintenance and stabilization of the spinal structure 
(Borovac et al., 2018), it is essential for structural plasticity 
(Okamoto et al., 2004). CaMKII activation triggers several 
signalling pathways through Rho-GTPases activation that 
modulate equilibrium between G-actin and F-actin. However, 
as CaMKII is abundant in the spine, the core target of CaMKII 
kinase activity may be CaMKII itself. One subunit of activation 
leads to the rapid phosphorylation of the other subunits. This 
process enables CaMKII to bind directly to F-actin (Okamoto 
et al., 2009; Borovac et al., 2018) and regulates actin filament 
bundling through the β-subunit in basal conditions, thereby 
preserving the stability of the spinal structure (Figure 3). 
cAMP-dependent protein kinase A 
PKA is another critical kinase involved directly or indirectly 
in several signalling processes in the CNS. It has several 
downstream targets. PKA activation is dependent on cAMP 
concentration and, therefore, termed as a cAMP-dependent 
protein kinase. PKA has a heterotetrameric structure; it 
consists of two catalytic and two regulatory subunits. It 
combines with other proteins, especially with A-kinase 
anchoring proteins (AKAPs), which further regulates its activity 
(Taylor et al., 2012). The presence of cAMP is necessary for 
PKA activation. In the absence of cAMP, the catalytic domain 
remains hidden, thereby preventing PKA kinase activity. cAMP 
binding to the regulatory domain causes the proteins to 
dissociate, exposing the catalytic subunits, which triggers PKA 
kinase activity (Pittenger et al., 2012). 
The mammalian PKA consists of three Catalytic (C) and four 
regulatory (R) subunits: Cα, Cβ, Cγ and RIα, RIβ, RIIα, RIIβ 
(Abel and Nguyen, 2008). Each subunit is encoded by a typical 
gene (Døskeland et al., 1993). PKA isozymes (types I and II) 
were initially identified and characterized on the basis of their 
patterns, using the chromatographic technique (Nguyen and 
Woo, 2003). In the absence of cAMP, PKA remains inactive 
and exists in a tetrameric holoenzyme with two R subunits 
bound to two C subunits (Figure 4). Each regulatory subunit 
can be divided into two cAMP binding sites: a low-affinity site 
followed by a high-affinity site (Taylor et al., 1990; Ohta et al., 
2018). Cooperative and sequential cAMP binding on the R 
subunits results in dissociation of the monomeric C subunits 
(Woo et al., 2002). These released C subunits phosphorylate 
Serine and Threonine residues on several proteins. Essentially, 
the regulatory subunits act like pseudosubstrate inhibitors 
which hinder phosphotransferase activities of the catalytic 
subunits (Garetto, 2018). 
NMDAR-mGluR, and dopamine receptor signalling cause 
adenylate cyclase (AC) to synthesize cAMP in dendritic spines 
(Borovac et al., 2018). Strong synaptic stimulation causes 
an influx of Ca2+ into the postsynaptic neuron. This leads to 
CaMKII activation and the activation of the cAMP/PKA pathway 
at the same time. As PKA inhibits PP1, which inactivates 
CaMKII by dephosphorylation, a prolonged cAMP presence 
in the spine may extend the activation time of CaMKII during 
synaptic plasticity (Figure 4) (Blitzer et al., 1998). 
The cAMP pathway plays an important role in the later phase 
of LTP (L-LTP), which requires gene expression and local 
protein synthesis (Kandel, 2012). Postsynaptic cAMP causes 
cAMP Responsive Element Binding (CREB) transcription factor 
activation and enhances specific transcript activity during 
L-LTP (Borovac et al., 2018). Frey et al. (1993) suggest that an 
increase in cAMP activity may lead to L-LTP. Scientists have also 
studied the role of cAMP during the early phase of LTP (E-LTP), 
in relation to structural changes in the spine. Results confirm 
the involvement of cAMP in the enhancement of structural 
potentiation, postsynaptically. This process results in strong 
structural potentiation of the spine (Borovac et al., 2018), 
possibly by extending the time window for actin cytoskeleton 
remodelling. Similarly, a pharmacological study confirms the 
involvement of cAMP in the structural enlargement of spines 
(Govindarajan et al., 2011).
Ca2+/phospholipid-dependent protein kinase C 
The identification of PKA also led to the discovery of the signal 
transduction pathway (Dekker, 2004). Likewise, structural 
plasticity is dependent on intercellular signalling networks. In 
the mid and late 1970s, Nishizuka et al. reported the presence 
of a cyclic nucleotide-independent kinase (PKC) which could 
be activated by a combination of Ca2+, phospholipids, and 
diacylglycerol (Nishizuka, 1984). PKC exists in almost nine 
isoforms; α, β and γ were the first isoforms to be identified. 
Low stringency screening, a molecular biology technique, led 
to the identification of three more isoforms: PKC-δ and ε, ζ. 
Subsequently, PKC-η, θ and ι isoforms are identified through 
the screening of non-libraries (Kofler et al., 2002). 
The intercellular signal transduction pathway depends on the 
ability of receptors, present on the cell surface, to stimulate 
phospholipase C. Subsequently, phospholipase C stimulates 
phosphatidylinositol 4,5-bisphosphate (PIP3) which triggers 
phosphoinositide-dependent kinase (PDK) to phosphorylate 
PKC and other kinases (Pham and Tonetti, 2018). In cultured 
hippocampal neurons, PKC activation produces rapid and 
novel lamellae formation over a large surface of dendrites. 
This involves PKC activation at postsynaptic sites; this involves 
actin polymerization but not Erk activation. PKC regulates Rac1 
and RhoA (upon activation), to produce structural plasticity 
in spines and dendrites (Pilpel and Segal, 2004). Likewise, 
PKC inhibition hinders both transient and sustained phases of 
structural plasticity (Murakoshi et al., 2017). 
Memory-specific PKC translocation from cytosol to membrane, 
in dendritic regions of the mammalian hippocampus, confirms 
PKC-regulated structural changes or increases in spine sizes 
(Antunes et al., 2016). Memory-specific enhancement of 
synaptic potentials in the CA1 pyramidal cells has also been 
reported upon exogenous activation of PKC (Frick et al., 
2018). Essentially, PKC signalling pathways control dendritic 
morphology in cultured neuronal synaptic preparation and 
juvenile brain slices (Hongpaisan and Alkon, 2007).
Myosin kinases 
Myosin kinase plays a major role in morphological changes of 
the spine during synaptic plasticity. Myosin I and II, present 
in almost all eukaryotic cells, are the most abundant proteins 
and thus, have been widely studied. A typical myosin molecule 
consists of one or two heavy chains and several light chains. 
The heavy chains are arranged into three distinct domains, 
both functional and structural: the head, the neck and the 
tail domain (Woodhead and Craig, 2020). The head domain is 
responsible for generating force and contains ATP and actin-
binding sites. The α-helical neck domain lies next to the head 
domain, which is connected to the light chains and controls 
the activity of the head domain. The third and last domain, 
the tail domain, consists of the binding regions that regulate 
the specific functions of a particular myosin (Figure 5) (Lodish 
et al., 2000).
The non-muscle myosin IIb (isoform) has fascinating 
properties. It is considered an actin-binding motor protein 
due to its mechanochemical activity. Acting as a motor, 
myosin moves along the actin filaments. It uses ATP as an 
energy source (Lodish et al., 2000; Walklate et al., 2016). Non-
muscle myosin llb primarily gets phosphorylated at Ser19 of 
the regulatory light chain which results in binding the NMDAR 
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(C-termini of NR1 and NR2) with the regulatory light chain 
(Amparan et al., 2005). Signalling pathways, specifically in 
the PSD, control the phosphorylation state of the myosin 
light chain. It has been reported that the P21-associated 
kinase (PAK) and the Rho-associated kinase (ROCK) modulate 
spine morphology and phosphorylate myosin IIb directly. 
Myosin kinase plays a key role in stimulus-induced F-actin 
reorganization, particularly in the regulation of dynamic 
cellular structures (Cole and Walsh, 2017). It can contract and 
bind reversibly with actin. Spine motility and morphology are 
modulated by actin polymerization and depolymerization. As 
it can be regulated bidirectionally during synaptic plasticity, 
myosin appears to be a potent and novel regulating switch 
that controls the dynamic structure of dendritic spines (Elezz 
et al., 2016). 
Rho kinases (Rac, RhoA, and Cdc42), and p21 activated 
kinases 
Synaptic plasticity and spine morphogenesis depend on the 
dynamic remodelling of actin cytoskeleton within spines 
(Amparan et al., 2005). Actin reorganization is modulated 
by Rho-like GTPases, including RhoA, Rac, and Cdc42. These 
act like molecular switches that regulate spine and dendritic 
morphology; that is, structural plasticity (Newey et al., 2005; 
Martin-Vilchez et al., 2017). Active Cdc42 and Rac1 regulate 
spine enlargement, formation, and maintenance. In contrast, 
RhoA decreases spine stability and density (Newey et al., 
2005; Ju and Zhou, 2018). Studies on mental retardation 
have shown the close relationship between human cognitive 
development and the Rho GTPase pathway, with the 
identification of several proteins in this pathway. This evidence 
proves that anatomical alteration is linked with altered spine 
morphology (van Galen and Ramakers, 2005). While Guanine-
nucleotide exchange factors (GEFs) activate RhoGTPases, it 
is deactivated by GTPase (GAPs) activating proteins. Notably, 
several GAPs and Rho GEFs that are positioned in dendritic 
spines perform an important role in morphogenesis of the 
dendritic spine (Fu and Ip, 2017). 
The p21 activated kinases (PAKs) are important effector 
proteins for the Rho GTPases, Rac and Cdc42. The PAKs are 
classified into a family of six members, which are further 
divided into two families of proteins. They are identified 
numerically. The first family consists of PAK-1, 2, and 3. PAK-4, 
5 and 6 form the second family. While some of the PAKs have 
specific tissues, others are freely expressed. PAK is another 
Serine/Threonine kinase found in the nervous system. It 
is an effector protein in the Rho GTPase, Rac and Cdc42. 
PAKs regulate the cytoskeleton, modifying the cell motility, 
adhesion, and shape. The PAKs are involved in the formation 
of filopodia and lamellipodia (filamentous forms of actin) and 
regulate the cytoskeleton mainly through controlling F-actin. 
Studies have also reported their influence on microtubule 
organization (Kumar et al., 2017). 
Regulation of Postsynaptic Protein Phosphatases 
and Structural Plasticity 
PKs act as primary effectors of phosphorylation. In contrast, 
phosphatases drive dephosphorylation (Hedrick and Yasuda, 
2017; Matt et al., 2019). However, both processes, protein 
phosphorylation and dephosphorylation, are dynamic and 
are balanced to ensure biochemical equilibrium between 
these proteins. Any subtle change in extracellular signalling 
causes rigorous changes in PPs activity and alterations 
in the phosphorylation state of the cytoskeletal proteins 
(Hoffman et al., 2017). In the brain, most Serine/Threonine 
dephosphorylation is  faci l itated by phosphoprotein 
phosphatases types 1 (PP1), 2 (PP2A) and Calcineurin (CN) 
(Brautigan and Shenolikar, 2018).
Protein phosphatase 1 
PP1 is initially considered to be a key regulator in glycogen 
metabolism (Printen et al., 1997). Today, its role in the 
cellular processes, such as muscle contractility, cell division, 
translation, transcription, and apoptosis, is well-known 
(Munton et al., 2004). In the brain, PP1 is highly expressed in 
the form of its catalytic subunits. Studies on α, β, γ1, and γ2 
isoforms indicate its importance in neural pathways (Rosso 
et al., 2016). The classification of these isoforms is based on 
their interactions with other regulatory proteins and their 
subcellular locations. For example, while the β isoform is 
highly expressed in the nerve cell body, γ1 is found, both in 
the soma where it is highly expressed in presynaptic boutons 
and, in the dendrites where it colocalizes with several 
neuronal proteins like CaMKII (Munton et al., 2004). 
The strengthening and weakening of synapses or synaptic 
plasticity are associated with bidirectional changes in 
neuronal excitability (Munton et al., 2004; Seibt and Frank, 
2019). HFS increases synaptic efficacy which is associated 
with LTP. This results in transient Ca2+ ion entry, mediated 
by NMDAR, causing a constant increase in CaMKII activation 
due to autophosphorylation at Thr-286. However, in LTD, 
synaptic efficacy is reduced. This process is due to low-
frequency stimulation, initiated by pathways involving PP1 
and CN (Lisman et al., 2002; Henson et al., 2017). PP1 activity 
is tightly regulated in CaMKII signalling, which involves PKA 
led phosphorylation of the inhibitory PP1-interacting protein 
(I1). Interestingly, LTP induction results in cAMP-dependent 
endogenous I1 phosphorylation, which in turn causes 
decreased PP1 activity (Borovac et al., 2018) (Figure 6). 
Regulatory pathways involving PP1 are principally responsible 
for establishing structural plasticity in long term memory. 
Learning induces not only molecular changes but also 
structural modifications (Hoffman et al., 2017). However, the 
reasons why, and the extent to which these changes occur, 
are not well-known. Interestingly, the involvement of PP1 has 
been identified during the motility of dendritic spines which 
are regulated by an interacting network of signalling pathways 
(Rangamani et al., 2016). These signalling pathways influence 
the dynamic reorganization of the actin system in spines. 
However, various regulatory subunits can restrict and facilitate 
PP1 activity; regulatory subunits are seemingly crucial for the 
regulation of spine motility (Munton et al., 2004). 
Nurabins are the major regulatory subunits that bind PP1 
catalytic subunits to dendritic spines. Notably, neurabin I 
and neurabin II (spinophilin), two neurons isoforms, have 
been identified in vertebrates with 48% amino acid sequence 
similarity (MacMillan et al., 1999). Neurabin I and spinophilin 
both have a large scaffolding structure with a series of protein-
interacting domains. Studies using genetic or molecular 
manipulations to eliminate neurabins from cells have shown 
that neurabins play a vital role in determining the neural 
process. Knockout mice studies, lacking spinophilin, show 
noticeable results, including a higher number of dendritic 
spines with reduced brain size, reduced LTD with altered 
AMPA receptors and NMDAR functions, and higher resistance 
to kainate-induced seizures and apoptosis (Lee et al., 2000). 
Accordingly, it appears that neuronal development, functions, 
and morphology are greatly affected by not allowing PP1 
to anchor to dendritic spines. However, further studies are 
required to establish the role of neurabins in structural 
plasticity (MacMillan et al., 1999). Yatiao, is another protein 
that binds with PP1 and facilitates the dynamic regulation of 
an individual phosphoprotein. It forms a signalling complex 
between PKA and PP1 that contribute to the regulation of Ca2+ 
influx through NMDARs (Clark et al., 2011). 
Protein phosphatase 2A 
Protein phosphatase 2A (PP2A) is an essential enzyme in 
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Figure 3 ｜ Role of CaMKII in F-actin bundling.
CaMKII regulation of the actin filaments bundling in the basal conditions, 
thereby preserving the stability of the spine structure. In the activity stage, 
CaMKII kinase activity initiates autophosphorylation causing its dissociation 
from the actin filaments. In the maintenance stage, it leads to dissociation 
from the actin filaments and permits successive reorganization of the 
dendritic spinal structure. CaMK: Calmodulin-dependent protein kinase; 
NMDAR: N-methyl-D-aspartate receptor.
Figure 4 ｜ PKA indirect 
role in spine cytoskeleton 
regulation.
PKA inhibits PP1, which 
inactivates CaMKII by 
dephosphorylation. 
Prolonged cAMP presence 
in the spine may extend the 
activation time of CaMKII 
during synaptic plasticity. 
CaMK: Calmodulin-
dependent protein kinase; 
PKA: protein kinase A; PP1: 
protein phosphatase 1. 
Figure 5 ｜ Myosin kinase structure with active sites.
A typical myosin molecule consists of one or two heavy chains and various 
light chains. The heavy chains are arranged into three distinct domains, both 
functional and structural. The α-helical neck domain lies next to the head 
domain, which is connected to the light chains. It controls the activity of the 
head domain. The third and last domain, the tail domain, consists of the 
binding regions that regulate the specific functions of a particular myosin. 
PAK: P21-associated kinase; ROCK: Ras homology-associated kinase.
Figure 6 ｜ PP1 regulation in CaMKII signalling.
PKA led phosphorylation of the inhibitory PP1-interacting protein (I1). LTP 
induction results in cAMP-dependent endogenous I1 phosphorylation, causing 
decreased PP1 activity. CN: Calcineurin; HFS: high-frequency stimulation; LFS: 
low-frequency stimulation; NMDAR: N-methyl-D-aspartate receptor; PKA: 




Figure 1 ｜ Coordinated activity of protein kinases during LTP and LTD.
(A) Postsynaptic neuron at the basal state before stimulation, (B) Structural 
plasticity of a postsynaptic neuron after high-frequency stimulation with 
an increase in the number of AMPARs and overall postsynaptic neuron size 
increases, and (C) Postsynaptic neuron after low-frequency stimulation 
causing dephosphorylation and shrinkage in the neuron (size). LTD: Long-
term depression; LTP: long-term potentiation; NMDAR: N-methyl-D-aspartate 
receptor; PKA: protein kinase A.
A
B
Figure 2 ｜ CaMKII structure and function.
(A) Structure of CaMKII 12-meric holoenzyme; (B) CaMKII activation by 
CaM. To keep the kinase partially active, it prevents the active site of the 
autoinhibitory domain from taking over; this process is described as CaMKII 
autonomy. CaMK: Calmodulin-dependent protein kinase.
human beings; it represents 0.3 to 1% of total cellular proteins 
(Ruediger et al., 1991; Lin et al., 1998). The mammalian PP2A 
exists as a heterotrimer with a scaffolding subunit A (PP2R1 
A, PP2R1 B), a catalytic subunit C (PP2Ac) and one regulatory 
B-type subunit. Four distinct families have been identified, 
which contain one of 23 regulatory B-type subunits: that is, 
B(PP2R), B’ (PP2R5), B” (PP2R3) or B”’/striatins (PPP2R4). 
Each family consists of several isoforms. Other unclassified 
regulatory subunits, like α4, are also associated with PP2Ac. 
These regulatory subunits are the most complex subunits of 
PP2A. They are involved in the determination of subcellular 
localization, stability, enzyme biogenesis, and substrate 
specificity (Haesen et al., 2012). For example, studies have 
identified structural differences in B and B’ families of 
regulatory subunits. These differences in functions affect the 
binding to the scaffolding A and catalytic C subunits of PP2A (Xu 
et al., 2006, 2008; Cho and Xu, 2007). 
Certain cellular regulators and natural inhibitors, like okadaic 
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acid (OA), are also involved in regulating PP2A activity (Abal 
et al., 2018). These inhibitors constrain not only all PP2A 
isoforms but also the activity of other Ser/Thr phosphatases, 
including PP1 and PPs family members (Chiu et al., 2019). 
Presently, very little is known about phosphatase activity 
during and after LTP induction, due to a lack of direct 
biochemical data. However, the available evidence suggests 
that LTP induction is related to the inhibition of PP1 and PP2A 
and the activation of CN (Wang et al., 2019). 
Alterations to PP2A could lead to apoptosis and disturbance 
in the cytoskeleton structure (Zhu et al., 2010). Similarly, 
decreased PP2A activity promotes neuronal apoptosis 
through both Akt phosphorylation at T308 and S473v and 
Bad (pro-apoptotic molecule) phosphorylation at S112 and 
S136. In patients with Alzheimer, neuronal loss is associated 
with hyperphosphorylation of tau (an essential protein), 
the production of Aβ and memory loss (Bertoli et al., 2009). 
Interestingly, in vivo studies demonstrate that the inhibition of 
PP2A causes hyperphosphorylation of tau and consequently, 
spatial memory loss. However, these effects can be reversed 
by the application of acetyl-L-carnitine (Martin et al., 2013). 
Protein phosphatase 2B–calcineurin
Protein phosphatase 2B or calcineurin (CN) is discovered as 
a potential substrate for the immunosuppressants, FK506/
tacrolimus and cyclosporin A; upon binding, it prevents the 
recruitment of macromolecules to the active site (Griffith 
et al., 1995). PP1 and CN share a 40% sequence similarity. 
Mutation studies on chimeric PP1-CN demonstrate how CN 
and PP1 differ in their response to inhibitory toxins, such as 
microcystin-LR and OA, due to PP1c’s different amino acid 
sequence (β12–β33 loop) (Maynes et al., 2001). 
While CN is a Ca2+-calmodulin-dependent enzyme found 
in several cell types, it is mainly expressed in the neuronal 
cell body and processes (Ferreira et al., 1993). Interestingly, 
it is the most abundant calmodulin-binding protein in the 
adult brain (Klee et al., 1979). CN performs a key role in the 
establishment of synaptic plasticity and memory (Mansuy, 
2003). It consists of a catalytic and a regulatory subunit is 
known as an “A or CNA” subunit (PPP3C A/B/C isoforms) and 
“B or CNB” subunit (PPP3R ½ isoforms), respectively. Catalytic 
subunit interaction with calmodulin is dependent on Ca2+ 
influx.
In contrast, the regulatory subunit contains four Ca2+ 
binding sites. The subunits work together to regulate CN 
activity. CN isoforms are compartmentalized throughout 
cells. They interact with various anchoring proteins which 
determine substrate specificity (Dodge and Scott, 2003). CN 
regulates abundant targets concurrently in numerous cellular 
compartments. In addition to its substrate-specific behavior, 
CN can potentially interact with other PP1s. Indeed, studies 
have shown that PP1 inhibition in the adult brain improves 
learning and memory and mimics some of the effects of CN 
inhibition. This finding reveals that the two PPs share the 
same pathways (Hoffman et al., 2017). CN recruits cellular 
and molecular mechanisms that can modulate plasticity and 
synaptic transmission, thus enhancing the brain’s information 
processing efficacy. As a result of its ability to downregulate 
several pre and postsynaptic targets, CN is considered a key 
molecule for curtailing LTP at the molecular level. CN also 
participates in LTP regulation by controlling neuromodulatory 
systems. It modulates the activity of various G protein-coupled 
receptors, including metabotropic glutamate receptors (groups 
I and II); for example, CN directly dephosphorylates mGluR5 
receptors. This practice prevents PKC from making structural 
modifications (Alagarsamy et al., 2005; Hoffman et al., 2017). 
Activity-Dependent Structural Plasticity and 
Associated Neurological Disorders 
Neurodevelopmental disorders l ike autism spectrum 
disorder (ASD), fragile-X syndrome, and Rett’s syndrome 
are associated with altered spine morphology and dendritic 
spine density (Nakai et al., 2018). Experimental studies 
suggest a relationship between dendritic defects and 
neurological disorders (Blanco-Suárez et al., 2017; Kim et al., 
2017; Pyronneau et al., 2017; Baglietto-Vargas et al., 2018). 
Studies have found a link between intellectual disabilities and 
immature morphology of spines on cortical neurons (Martínez-
Cerdeño, 2017; Nakao et al., 2017). Moreover, individuals with 
intellectual disabilities form fewer spines per dendritic branch 
(Martínez-Cerdeño, 2017). Several studies on cortical pyramid 
neurons in the brain tissues of individuals with intellectual 
disabilities have confirmed the complexity reduction of both 
apical and basal dendrites (Kaufmann and Moser, 2000). 
ASD is a group of complex neurodevelopment disorders 
characterized by distinctive and repetitive displays of 
problematic behavior and difficulties with social interaction 
and communication (Miranda et al., 2018). As the symptoms 
appear in early childhood, they have a long-lasting and 
ongoing effect on an individual’s daily life. Histopathological 
studies have confirmed the presence of higher spine densities 
on the apical dendrites of layer II pyramidal neurons in 
the parietal, frontal and temporal lobes and the layer V 
projection neurons of the temporal lobe in individuals with 
ASD than in control subjects (Tang et al., 2014). This finding 
confirms that the balance between spine formation and 
elimination is disturbed. Similarly, MRI studies have confirmed 
an enlargement of gray matter and overall brain volume in 
individuals with ASD that usually appears before two years 
of age (Schumann et al., 2010; Hazlett et al., 2017). This 
period matches the dendritic development and rapid spine 
enlargement in the human brain that increases to the highest 
level in the first two years of life (Petanjek et al., 2011). ASD 
is characterized by overabundant spine growth during this 
period. 
Alzheimer’s disease (AD) is a neurodegenerative disease 
associated with a substantial loss of synapses and an overall 
reduction in synaptic density (DeKosky and Scheff, 1990; 
Forner et al., 2017). Post-mortem studies have confirmed 
that individuals with early-stage AD have significantly reduced 
synaptic density in the inferior temporal gyrus, which affects 
their verbal fluency (Scheff et  al., 2011). In the CA1 region, 
the dentate gyrus, and in the posterior cingulate gyrus, which 
is a cortical region affected soon after the onset of AD (Scheff 
et al., 2015). Likewise, a recent experimental study revealed 
that progressive alteration of the dendritic spine causes the 
intraneuronal tau to aggregate (Merino-Serrais et al., 2013). 
In early AD, individuals display signs of mild cognitive loss; 
this occurs well in advance of large-scale synaptic impairment 
and neurodegeneration due to the accumulation of non-
fibrillar, oligomeric amyloid β-peptides (Aβ). Soluble Aβ 
oligomers can adversely affect structural plasticity at deficient 
concentrations; the molecular substrates by which synaptic 
memory mechanisms are interrupted are not yet known 
(Skaper et al., 2017). In the mammalian central nervous 
system, the dendritic spine establishes a primary locus of 
excitatory synaptic transmission. In response to changes 
in hormonal status, developmental stage, and changes in 
afferent input, these structures, distending from dendritic 
shafts, suffer dynamic alterations in size, number and shape. 
It is perhaps not surprising that loss of spine density may be 
associated with cognitive impairment and memory loss in AD, 
even though the underlying mechanism(s) remain unclear 
(Skaper et al., 2017).
In schizophrenia, abnormal spine density has been reported in 
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multiple regions of the brain. The most convincing observation 
is a decrease in spine density on layer III pyramidal neurons 
of the neocortex in schizophrenic individuals compared to 
control subjects (Glantz and Lewis, 2000). A recent study 
reports a significant decrease in the number of small spines in 
pyramidal neurons present in the same layer of the auditory 
cortex (MacDonald et al., 2017). Likewise, post-mortem 
studies of schizophrenia have provided evidence for reduced 
basal dendritic density in the prefrontal cortex (layer III and 
layer V pyramidal neurons) compared to controls (Broadbelt 
et al., 2002).
Concluding Remarks and Future Directions
In this review, we have summarized some of the most recent 
advances in our understanding of how postsynaptic kinases 
and phosphatases signalling balance is essential for structural 
plasticity regulation at multiple levels. Dysregulation, or 
imbalance between these two key pathways, can have 
detrimental effects on the brain’s cognitive functions. Future 
studies are needed to elucidate the relationship between 
activity-dependent regulation of these key molecules with 
morphological and structural changes in the brain. The 
advancement of new super-resolution microscopy methods 
allows for more detailed investigations of morphological 
changes in the synapse. Given that many neurological and 
neuropsychiatric disorders are explained by changes in 
synaptic plasticity, a clear insight of how kinases/phosphatase 
signalling pathways are organized at synapses will enable the 
development of new therapies and drugs designed to treat 
these diseases. Scaffolding interaction and targeting specific 
synapses could have many advantages, in terms of improved 
specificity and efficacy, over phosphatase catalytic and globally 
inhibiting kinase activity using existing pharmacological 
studies.
Author contributions: DK conceptualized and led the project, and RK 
developed the search strategy and collection of research database with 
DK, and DK and SS supervised the project. RK and DK wrote the paper and 
SS independently critiqued the first draft.  
Conflicts of interest: The authors declare no conflicts of interest. 
Financial support: None. 
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication. 
Plagiarism check: Checked twice by iThenticate. 
Peer review: Externally peer reviewed. 
Open access statement: This is an open access journal, and articles 
are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix, 
tweak, and build upon the work non-commercially, as long as appropriate 
credit is given and the new creations are licensed under the identical 
terms.
References
Abal P, Louzao MC, Suzuki T, Watanabe R, Vilariño N, Carrera C, Botana AM, Vieytes MR, Botana 
LM (2018) Toxic action reevaluation of okadaic acid, dinophysistoxin-1 and dinophysistoxin-2: 
toxicity equivalency factors based on the oral toxicity study. Cell Physio Biochem 49:743-757. 
Abel T, Nguyen PV (2008) Regulation of hippocampus-dependent memory by cyclic AMP-
dependent protein kinase. Prog Brain Res 169:97-115. 
Alagarsamy S, Saugstad J, Warren L, Mansuy IM, Gereau RW 4th, Conn PJ (2005) NMDA-induced 
potentiation of mGluR5 is mediated by activation of protein phosphatase 2B/calcineurin. 
Neuropharmacology 49:135-145. 
Albin SD, Davis GW (2004) Coordinating structural and functional synapse development: 
postsynaptic p21-activated kinase independently specifies glutamate receptor abundance 
and postsynaptic morphology. J Neurosci 24:6871-6879. 
Amparan D, Avram D, Thomas CG, Lindahl MG, Yang J, Bajaj G, Ishmael JE (2005) Direct 
interaction of myosin regulatory light chain with the NMDA receptor. J Neurochem 92:349-
361. 
Anggono V, Huganir RL (2012) Regulation of AMPA receptor trafficking and synaptic plasticity. 
Curr Opin Neurobiol 22:461-469. 
Antunes G, Roque AC, Simoes-de-Souza FM (2016) Stochastic induction of long-term 
potentiation and long-term depression. Sci Rep 6:30899. 
Araki Y, Zeng M, Zhang M, Huganir RL (2015) Rapid dispersion of SynGAP from synaptic spines 
triggers AMPA receptor insertion and spine enlargement during LTP. Neuron 85:173-189. 
Asrar S, Meng Y, Zhou Z, Todorovski Z, Huang WW, Jia Z (2009) Regulation of hippocampal long-
term potentiation by p21-activated protein kinase 1 (PAK1). Neuropharmacology 56:73-80. 
Baglietto-Vargas D, Prieto GA, Limon A, Forner S, Rodriguez-Ortiz CJ, Ikemura K, Ager RR, 
Medeiros R, Trujillo-Estrada L, Martini AC, Kitazawa M, Davila JC, Cotman CW, Gutierrez A, 
LaFerla FM (2018) Impaired AMPA signaling and cytoskeletal alterations induce early synaptic 
dysfunction in a mouse model of Alzheimer’s disease. Aging Cell 17:e12791. 
Becker N, Wierenga CJ, Fonseca R, Bonhoeffer T, Nägerl UV (2008) LTD induction causes 
morphological changes of presynaptic boutons and reduces their contacts with spines. 
Neuron 60:590-597. 
Ben-Ari Y, Aniksztejn L, Bregestovski P (1992) Protein kinase C modulation of NMDA currents: an 
important link for LTP induction. Trends Neurosci 15:333-339. 
Bertoli C, Copetti T, Lam EW, Demarchi F, Schneider C (2009) Calpain small-1 modulates Akt/
FoxO3A signaling and apoptosis through PP2A. Oncogene 28:721. 
Bhattacharyya M, Karandur D, Kuriyan J (2020) Structural insights into the regulation of 
Ca2+/calmodulin-dependent protein kinase II (CaMKII). Cold Spring Harb Perspect Biol 
12:a035147. 
Bhattacharyya M, Stratton MM, Going CC, McSpadden ED, Huang Y, Susa AC, Elleman A, 
Cao YM, Pappireddi N, Burkhardt P, Gee CL, Barros T, Schulman H, Williams ER, Kuriyan J 
(2016) Molecular mechanism of activation-triggered subunit exchange in Ca2+/calmodulin-
dependent protein kinase II. Elife 5:e13405. 
Blanco-Suárez E, Caldwell AL, Allen NJ (2017) Role of astrocyte–synapse interactions in CNS 
disorders. J Physiol 595:1903-1916. 
Blitzer RD, Connor JH, Brown GP, Wong T, Shenolikar S, Iyengar R, Landau EM (1998) Gating of 
CaMKII by cAMP-regulated protein phosphatase activity during LTP. Science 280:1940-1942. 
Bollen M, Gijsbers R, Ceulemans H, Stalmans W, Stefan C (2000) Nucleotide pyrophosphatases/
phosphodiesterases on the move. Crit Rev Biochem Mol Biol 35:393-432. 
Bonhoeffer T, Caroni P (2016) Structural plasticity in dendrites and spines. Dendrites 3:557-579. 
Borovac J, Bosch M, Okamoto K (2018) Regulation of actin dynamics during structural plasticity 
of dendritic spines: signaling messengers and actin-binding proteins. Mol Cell Neurosci 
91:122-130. 
Brautigan DL, Shenolikar S (2018) Protein serine/threonine phosphatases: Keys to unlocking 
regulators and substrates. Annu Rev Biochem 87:921-964. 
Broadbelt K, Byne W, Jones LB (2002) Evidence for a decrease in basilar dendrites of pyramidal 
cells in schizophrenic medial prefrontal cortex. Schizophr Res 58:75-81. 
Cahill EN, Milton AL (2019) Neurochemical and molecular mechanisms underlying the retrieval-
extinction effect. Psychopharmacology 236:111-132. 
Chater TE, Goda Y (2014) The role of AMPA receptors in postsynaptic mechanisms of synaptic 
plasticity. Front Cell Neurosci 8:401. 
Chiu AM, Wang J, Fiske MP, Hubalkova P, Barse L, Gray JA, Sanz-Clemente A (2019) NMDAR-
activated PP1 dephosphorylates GluN2B to modulate NMDAR synaptic content. Cell Rep 
28:332-341.e5. 
Cho US, Xu W (2007) Crystal structure of a protein phosphatase 2A heterotrimeric holoenzyme. 
Nature 445:53. 
Clark D, Dedova I, Matsumoto I (2011) Proteomics of the anterior cingulate cortex in 
schizophrenia. In: Genomics, proteomics, and the nervous system (Clelland J, ed), pp381-
398. New York: Springer.
Cohen PT (2002) Protein phosphatase 1–targeted in many directions. J Cell Sci 115:241-256. 
Cole WC, Walsh MP (2017) Actin filament dynamics during vascular smooth muscle contraction. 
In: Vascular smooth muscle: structure and function in health and disease (Hai CM, ed), 
pp145-164. Singapore: World Scientific.
Coombs I, Cull-Candy S (2009) Transmembrane AMPA receptor regulatory proteins and AMPA 
receptor function in the cerebellum. Neuroscience 162:656-665. 
Skaper SD, Facci L, Zusso M, Giusti P (2017) Synaptic plasticity, dementia and Alzheimer disease. 
CNS Neurol Disord Drug Targets 16:220-233. 
Dekker, Lodewijk V (2004) Protein kinase C. New York: Springer US. 
DeKosky ST, Scheff SW (1990) Synapse loss in frontal cortex biopsies in Alzheimer’s disease: 
correlation with cognitive severity. Ann Neurol 27:457-464. 
Diering GH, Huganir RL (2018) The AMPA receptor code of synaptic plasticity. Neuron 100:314-
329. 
Dittmer PJ, Dell’Acqua ML, Sather WA (2019) Synaptic crosstalk conferred by a zone of 
differentially regulated Ca2+ signaling in the dendritic shaft adjoining a potentiated spine. 
Proc Natl Acad Sci U S A 116:13611-13620. 
Dodge KL, Scott JD (2003) Calcineurin anchoring and cell signaling. Biochem Biophys Res 
Commun 311:1111-1115. 
Døskeland SO, Maronde E, Gjertsen BT (1993) The genetic subtypes of cAMP-dependent protein 
kinase—functionally different or redundant? Biochim Biophys Acta 1178:249-258. 
Elezz AA, Minkeviciene R, Hotulainen P (2016) Cytoskeletal organization: actin. In: Dendrites 
(Emoto K, Wong R, Huang E, Hoogenraad C, eds), pp9-29. Japan: Springer.
Elias GM, Elias LA, Apostolides PF, Kriegstein AR, Nicoll RA (2008) Differential trafficking of AMPA 
and NMDA receptors by SAP102 and PSD-95 underlies synapse development. Proc Natl Acad 
Sci U S A 105:20953-20958. 
Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow R (2003) PKA phosphorylation of 
AMPA receptor subunits controls synaptic trafficking underlying plasticity. Nature Neurosci 
6:136. 
Ferreira A, Kincaid R, Kosik KS (1993) Calcineurin is associated with the cytoskeleton of cultured 
neurons and has a role in the acquisition of polarity. Mol Biol Cell 4:1225-1238. 
Forner S, Baglietto-Vargas D, Martini AC, Trujillo-Estrada L, LaFerla FM (2017) Synaptic 
impairment in Alzheimer’s disease: a dysregulated symphony. Trends Neurosci 40:347-357. 
Frick KM, Kim J, Koss WA (2018) Estradiol and hippocampal memory in female and male 
rodents. Curr Opin Behav Sci 23:65-74. 
Fu AK, Ip NY (2017) Regulation of postsynaptic signaling in structural synaptic plasticity. Curr 
Opin Neurobiol 45:148-155. 
Garetto, LP (2018) The inhibitor protein of the cAMP-dependent protein kinase. Peptides and 
Protein Phosphorylation, 43 (Kemp BE). New York: CRC Press. 
Glantz LA, Lewis DA (2000) Decreased dendritic spine density on prefrontal cortical pyramidal 
neurons in schizophrenia. Arch Gen Psychiatry 57:65-73. 
Govindarajan A, Israely I, Huang SY, Tonegawa S (2011) The dendritic branch is the preferred 
integrative unit for protein synthesis-dependent LTP. Neuron 69:132-146. 
Griffith JP, Kim JL, Kim EE, Sintchak MD, Thomson JA, Fitzgibbon MJ, Fleming MA, Caron PR, 
Hsiao K, Navia MA (1995) X-ray structure of calcineurin inhibited by the immunophilin-
immunosuppressant FKBP12-FK506 complex. Cell 82:507-522. 
Haesen D, Sents W, Ivanova E, Lambrecht C, Janssens V (2012) Cellular inhibitors of protein 
phosphatase PP2A in cancer. Biomed Res 23:197-211. 
Hazlett HC, Gu H, Munsell BC, Kim SH, Styner M, Wolff JJ, Elison JT, Swanson MR, Zhu H, 
Botteron KN, Collins DL, Constantino JN, Dager SR, Estes AM, Evans AC, Fonov VS, Gerig G, 
Kostopoulos P, McKinstry RC, Pandey J, et al. (2017) Early brain development in infants at 
high risk for autism spectrum disorder. Nature 542:348-351. 
Hedrick NG, Yasuda R (2017) Regulation of Rho GTPase proteins during spine structural plasticity 
for the control of local dendritic plasticity. Curr Opin Neurobiol 45:193-201. 
Hell JW (2014) CaMKII: claiming center stage in postsynaptic function and organization. Neuron 
81:249-265. 
Henson MA, Tucker CJ, Zhao M, Dudek SM (2017) Long-term depression-associated signaling 
is required for an in vitro model of NMDA receptor-dependent synapse pruning. Neurobiol 
Learn Mem 138:39-53. 
Herring BE, Nicoll RA (2016) Long-term potentiation: from CaMKII to AMPA receptor trafficking. 
Annu Rev Physiol 78:351-365. 
Hoffman A, Taleski G, Sontag E (2017) The protein serine/threonine phosphatases PP2A, PP1 
and calcineurin: A triple threat in the regulation of the neuronal cytoskeleton. Mol Cell 
Neurosci 84:119-131. 
Holtmaat A, Caroni P (2016) Functional and structural underpinnings of neuronal assembly 
formation in learning. Nat Neurosci 19:1553-1562. 
Review
NEURAL REGENERATION RESEARCH｜Vol 16｜No.6｜June 2021｜1157
Hongpaisan J, Alkon DL (2007) A structural basis for enhancement of long-term associative 
memory in single dendritic spines regulated by PKC. Proc Natl Acad Sci  
U S A 104:19571-19576. 
Hu JH, Chernoff K, Pelech S, Krieger C (2003) Protein kinase and protein phosphatase expression 
in the central nervous system of G93A mSOD over-expressing mice. J Neurochem 85:422-
431. 
Huganir RL, Nicoll RA (2013) AMPARs and synaptic plasticity: the last 25 years. Neuron 80:704-
717. 
Incontro S, Díaz-Alonso J, Iafrati J, Vieira M, Asensio CS, Sohal VS, Roche KW, Bender KJ, Nicoll 
RA (2018) The CaMKII/NMDA receptor complex controls hippocampal synaptic transmission 
by kinase-dependent and independent mechanisms. Nat Commun 9:1-21. 
Janssens V, Goris J (2001) Protein phosphatase 2A: a highly regulated family of serine/threonine 
phosphatases implicated in cell growth and signalling. Biochem J 353:417-439. 
Ju J, Zhou Q (2018) Dendritic spine modifications in brain physiology. Neuroplasticity: Insights of 
Neural Reorganization. London: IntechOpen. 
Jurado S (2018) AMPA receptor trafficking in natural and pathological aging. Front Mol Neurosci 
10:446. 
Kandel ER (2012) The molecular biology of memory: cAMP, PKA, CRE, CREB-1, CREB-2, and 
CPEB. Mol Brain 5:14. 
Kaufmann WE, Moser HW (2000) Dendritic anomalies in disorders associated with mental 
retardation. Cereb Cortex 10:981-991. 
Ke H, Huai Q (2003) Structures of calcineurin and its complexes with immunophilins–
immunosuppressants. Biochem Biophys Res Commun 311:1095-1102. 
Kim HJ, Cho MH, Shim WH, Kim JK, Jeon EY, Kim DH, Yoon SY (2017) Deficient autophagy in 
microglia impairs synaptic pruning and causes social behavioral defects. Mol Psychiatry 
22:1576-1584. 
Klee CB, Crouch TH, Krinks MH (1979) Calcineurin: a calcium-and calmodulin-binding protein of 
the nervous system. Proc Natl Acad Sci U S A 76:6270-6273. 
Kofler K, Erdel M, Utermann G, Baier G (2002) Molecular genetics and structural genomics of 
the human protein kinase C gene module. Genome Biol 3:RESEARCH0014. 
Kumar R, Sanawar R, Li X, Li F (2017) Structure, biochemistry, and biology of PAK kinases. Gene 
605:20-31. 
Lamprecht R, LeDoux J (2004) Structural plasticity and memory. Nat Rev Neurosci 5:45-54. 
Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL (2000) Regulation of distinct AMPA 
receptor phosphorylation sites during bidirectional synaptic plasticity. Nature 405:955-959. 
Lin XH, Walter J, Scheidtmann K, Ohst K, Newport J, Walter G (1998) Protein phosphatase 2A is 
required for the initiation of chromosomal DNA replication. Proc Natl Acad Sci  
U S A 95:14693-14698. 
Lisman J, Schulman H, Cline H (2002) The molecular basis of CaMKII function in synaptic and 
behavioural memory. Nat Rev Neurosci 3:175-190. 
Lisman JE (1985) A mechanism for memory storage insensitive to molecular turnover: a bistable 
autophosphorylating kinase. Proc Natl Acad Sci U S A 82:3055-3057. 
Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, Darnell J (2000) Myosin: The Actin 
Motor Protein. Molecular Cell Biology (4th edition): WH Freeman.
Lussier MP, Sanz-Clemente A, Roche KW (2015) Dynamic regulation of N-methyl-D-aspartate 
(NMDA) and α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors by 
posttranslational modifications. J Biol Chem 290:28596-28603. 
MacDonald ML, Alhassan J, Newman JT, Richard M, Gu H, Kelly RM, Sampson AR, Fish 
KN, Penzes P, Wills ZP, Lewis DA, Sweet RA (2017) Selective loss of smaller spines in 
schizophrenia. Am J Psychiatry 174:586-594. 
MacMillan LB, Bass MA, Cheng N, Howard EF, Tamura M, Strack S, Wadzinski BE, Colbran RJ 
(1999) Brain actin-associated protein phosphatase 1 holoenzymes containing spinophilin, 
neurabin, and selected catalytic subunit isoforms. J Biol Chem 274:35845-35854. 
Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches. Neuron 44:5-21. 
Mansuy IM (2003) Calcineurin in memory and bidirectional plasticity. Biochem Biophys Res 
Commun 311:1195-1208. 
Martin-Vilchez S, Whitmore L, Asmussen H, Zareno J, Horwitz R, Newell-Litwa K (2017) 
RhoGTPase regulators orchestrate distinct stages of synaptic development. PloS One 12: 
e0170464. 
Martin L, Latypova X, Wilson CM, Magnaudeix A, Perrin ML, Terro F (2013) Tau protein 
phosphatases in Alzheimer’s disease: the leading role of PP2A. Ageing Res Rev 12:39-49. 
Martínez-Cerdeño V (2017) Dendrite and spine modifications in autism and related 
neurodevelopmental disorders in patients and animal models. Dev Neurobiol 77:393-404. 
Matt L, Kim K, Chowdhury D, Hell JW (2019) Role of palmitoylation of postsynaptic proteins in 
promoting synaptic plasticity. Front Mol Neurosci 12:8. 
Maynes JT, Bateman KS, Cherney MM, Das AK, Luu HA, Holmes CF, James MN (2001) Crystal 
structure of the tumor-promoter okadaic acid bound to protein phosphatase-1. J Biol Chem 
276:44078-44082. 
McDonald BJ, Moss SJ (1994) Differential phosphorylation of intracellular domains of gamma-
aminobutyric acid type A receptor subunits by calcium/calmodulin type 2-dependent protein 
kinase and cGMP-dependent protein kinase. J Biol Chem 269:18111-18117. 
McLeod F, Bossio A, Marzo A, Ciani L, Sibilla S, Hannan S, Wilson GA, Palomer E, Smart TG, Gibb 
A, Salinas PC (2018). Wnt signaling mediates LTP-dependent spine plasticity and AMPAR 
localization through frizzled-7 receptors. Cell Rep 23:1060-1071. 
Merino-Serrais P, Benavides-Piccione R, Blazquez-Llorca L, Kastanauskaite A, Rabano A, Avila 
J,  DeFelipe J (2013) The influence of phospho-tau on dendritic spines of cortical pyramidal 
neurons in patients with Alzheimer’s disease. Brain 136: 1913-1928. 
Meyer D, Bonhoeffer T, Scheuss V (2014) Balance and stability of synaptic structures during 
synaptic plasticity. Neuron 82:430-443. 
Miranda A, Berenguer C, Roselló B, Baixauli I (2020) Relationships between the social 
communication questionnaire and pragmatic language, socialization skills, and behavioral 
problems in children with autism spectrum disorders. Appl Neuropsychol Child 9:141-152. 
Mogilner A, Keren K (2009) The shape of motile cells. Curr Biol 19:R762-R771. 
Monday HR, Castillo PE (2017) Closing the gap: long-term presynaptic plasticity in brain function 
and disease. Curr Opin Neurobiol 45:106-112. 
Munton RP, Vizi S, Mansuy IM (2004) The role of protein phosphatase-1 in the modulation of 
synaptic and structural plasticity. FEBS Lett 567:121-128. 
Murakoshi H, Shin ME, Parra-Bueno P, Szatmari EM, Shibata AC, Yasuda R (2017) Kinetics of 
endogenous CaMKII required for synaptic plasticity revealed by optogenetic kinase inhibitor. 
Neuron 94:37-47. 
Myers JB, Zaegel V, Coultrap SJ, Miller AP, Bayer KU, Reichow SL (2017) The CaMKII holoenzyme 
structure in activation-competent conformations. Nat Commun 8:1-15. 
Nakai N, Takumi T, Nakai J, Sato M (2018) Common defects of spine dynamics and circuit 
function in neurodevelopmental disorders: a systematic review of findings from in vivo 
optical imaging of mouse models. Front Neurosci 12:412. 
Nakao A, Miyazaki N, Ohira K, Hagihara H, Takagi T, Usuda N, Ishii S, Murata K, Miyakawa T (2017) 
Immature morphological properties in subcellular-scale structures in the dentate gyrus of 
Schnurri-2 knockout mice: a model for schizophrenia and intellectual disability. Mol Brain 
10:60. 
Newey SE, Velamoor V, Govek EE, Van Aelst L (2005) Rho GTPases, dendritic structure, and 
mental retardation. J Neurobiol 64:58-74. 
Nguyen PV, Woo NH (2003) Regulation of hippocampal synaptic plasticity by cyclic AMP-
dependent protein kinases. Prog Neurobiol 71:401-437. 
Nishizuka Y (1984) The role of protein kinase C in cell surface signal transduction and tumour 
promotion. Nature 308:693-698. 
Ohta Y, Furuta T, Nagai T, Horikawa K (2018) Red fluorescent cAMP indicator with increased 
affinity and expanded dynamic range. Sci Rep 8:1-9. 
Okamoto K, Nagai T, Miyawaki A, Hayashi Y (2004) Rapid and persistent modulation of actin 
dynamics regulates postsynaptic reorganization underlying bidirectional plasticity. Nat 
Neurosci 7:1104-1112. 
Okamoto K, Bosch M, Hayashi Y (2009) The roles of CaMKII and F-actin in the structural plasticity 
of dendritic spines: a potential molecular identity of a synaptic tag? Physiology (Bethesda) 
24: 357-366. 
Pagani MR, Merlo E (2019) Kinase and phosphatase engagement is dissociated between 
memory formation and extinction. Front Mol Neurosci 12:38. 
Park J (2018) Phosphorylation of the ampar-tarp complex in synaptic plasticity. Proteomes 6:40. 
 Park P, Sanderson TM, Amici M, Choi SL, Bortolotto ZA, Zhuo M, Kaang BK, Collingridge GL 
(2016) Calcium-permeable AMPA receptors mediate the induction of the protein kinase 
A-dependent component of long-term potentiation in the hippocampus. J Neurosci 36:622-
631. 
Petanjek Z, Judaš M, Šimic G, Rasin MR, Uylings HB, Rakic P, Kostovic I (2011) Extraordinary 
neoteny of synaptic spines in the human prefrontal cortex. Proc Natl Acad Sci U S A 
108:13281-13286. 
Petrovic MM, Viana da Silva S, Clement JP, Vyklicky L, Mulle C, González-González IM, Henley 
JM (2017) Metabotropic action of postsynaptic kainate receptors triggers hippocampal long-
term potentiation. Nat Neurosci 20:529-539. 
Pham TN, Tonetti DA (2018) Protein Kinase C Signaling in Carcinogenesis. In: Predictive 
biomarkers in oncology: applications in precision medicine (Badve S, Kumar GL, eds), pp199-
206. Cham, Switzerland: Springer. 
Pi HJ, Lisman J E (2008) Coupled phosphatase and kinase switches produce the tristability 
required for long-term potentiation and long-term depression. J Neurosci 28:13132-13138. 
Pilpel Y, Segal M (2004) Activation of PKC induces rapid morphological plasticity in dendrites 
of hippocampal neurons via Rac and Rho-dependent mechanisms. Eur J Neurosci 19:3151-
3164. 
Pittenger C, Nestler E J, Duman RS (2012) Cyclic nucleotides in the nervous system. In: Basic 
Neurochemistry (Eighth ed), pp423-441. Amsterdam: Elsevier. 
Printen JA, Brady MJ, Saltiel AR (1997) PTG, a protein phosphatase 1-binding protein with a role 
in glycogen metabolism. Science 275:1475-1478. 
Pyronneau A, He Q, Hwang JY, Porch M, Contractor A, Zukin RS (2017) Aberrant Rac1-cofilin 
signaling mediates defects in dendritic spines, synaptic function, and sensory perception in 
fragile X syndrome. Sci Signal 10:eaan0852. 
Rangamani P, Levy MG, Khan S, Oster G (2016) Paradoxical signaling regulates structural 
plasticity in dendritic spines. Proc Natl Acad Sci U S A 113:E5298-5307. 
Rex CS, Gavin CF, Rubio MD, Kramar EA, Chen LY, Jia Y, Huganir RL, Muzyczka N, Gall CM, Miller 
CA, Lynch G, Rumbaugh G (2010) Myosin IIb regulates actin dynamics during synaptic 
plasticity and memory formation. Neuron 67:603-617. 
Rosso P, Fioramonti M, Fracassi A, Marangoni M, Taglietti V, Siteni S, Segatto M (2016) AMPK in 
the central nervous system: physiological roles and pathological implications. Res Rep Biol 
7:1-13. 
Rozov A, Valiullina F, Bolshakov A (2017) Mechanisms of long-term plasticity of hippocampal 
GABAergic synapses. Biochemistry (Moscow) 82:257-263. 
Ruediger R, Hood JVW, Mumby M, Walter G (1991) Constant expression and activity of protein 
phosphatase 2A in synchronized cells. Mol Cell Biol 11:4282-4285. 
Rusnak F, Mertz P (2000) Calcineurin: form and function. Physiol Rev 80:1483-1521. 
Sala C, Segal M (2014) Dendritic spines: the locus of structural and functional plasticity. Physiol 
Rev 94:141-188. 
Sanderson JL, Scott JD, Dell’Acqua ML (2018) Control of homeostatic synaptic plasticity by AKAP-
anchored kinase and phosphatase regulation of Ca2+-permeable AMPA receptors. J Neurosci 
38:2863-2876. 
Scheff SW, Price DA, Ansari MA, Roberts KN, Schmitt FA, Ikonomovic MD, Mufson EJ (2015) 
Synaptic change in the posterior cingulate gyrus in the progression of Alzheimer’s disease. J 
Alzheimers Dis 43:1073-1090. 
Scheff SW, Price DA, Schmitt FA, Scheff MA, Mufson EJ (2011) Synaptic loss in the inferior 
temporal gyrus in mild cognitive impairment and Alzheimer’s disease. J Alzheimers Dis 
24:547-557. 
Schumann CM, Bloss CS, Barnes CC, Wideman GM, Carper RA, Akshoomoff N, Pierce K, Hagler 
D, Schork N, Lord C, Courchesne E (2010) Longitudinal magnetic resonance imaging study of 
cortical development through early childhood in autism. J Neurosci 30:4419-4427. 
Seibt J, Frank MG (2019) Primed to sleep: the dynamics of synaptic plasticity across brain states. 
Front Syst Neurosci 13:2. 
Serwach K, Gruszczynska-Biegala J (2019) STIM proteins and glutamate receptors in neurons: 
role in neuronal physiology and neurodegenerative diseases. Int J Mol Sci 20:2289. 
Skelding KA, Rostas JA (2020) Regulation of Multifunctional Calcium/Calmodulin Stimulated 
Protein Kinases by Molecular Targeting. Adv Exp Med Biol 1131:649-679.
Swope SL, Moss SJ, Blackstone CD, Huganir RL (1992) Phosphorylation of ligand-gated ion 
channels: a possible mode of synaptic plasticity. FASEB J 6:2514-2523. 
Tang G, Gudsnuk K, Kuo SH, Cotrina ML, Rosoklija G, Sosunov A, Sonders MS, Kanter E, Castagna 
C, Yamamoto A, Yue Z, Arancio O, Peterson BS, Champagne F, Dwork AJ, Goldman J, Sulzer 
D (2014) Loss of mTOR-dependent macroautophagy causes autistic-like synaptic pruning 
deficits. Neuron 83:1131-1143. 
Taylor SS, Ilouz R, Zhang P, Kornev AP (2012) Assembly of allosteric macromolecular switches: 
lessons from PKA. Nat Rev Mol Cell Biol  13:646-658. 
Tolias KF, Duman JG, Um K (2011) Control of synapse development and plasticity by Rho GTPase 
regulatory proteins. Prog Neurobiol 94:133-148. 
Vallejo D, Codocedo JF, Inestrosa NC (2017) Posttranslational modifications regulate the 
postsynaptic localization of PSD-95. Mol Neurobiol 54:1759-1776. 
van Galen EJ, Ramakers GJ (2005) Rho proteins, mental retardation and the neurobiological 
basis of intelligence. Prog Brain Res 147:295-317. 
Walklate J, Ujfalusi Z, Geeves MA (2016) Myosin isoforms and the mechanochemical cross-
bridge cycle. J Exp Biol 219:168-174. 
Wang J, Xie R, Kou X, Liu Y, Qi C, Liu R, You W, Gao J, Gao X (2019) A protein phosphatase 2A 
deficit in the hippocampal CA1 area impairs memory extinction. Mol Brain 12:51. 
Woo NH, Abel T, Nguyen PV (2002) Genetic and pharmacological demonstration of a role for 
cyclic AMP-dependent protein kinase-mediated suppression of protein phosphatases in 
gating the expression of late LTP. Eur J Neurosci 16:1871-1876. 
Woodhead JL, Craig R (2020) The mesa trail and the interacting heads motif of myosin II. Arch 
Biochem Biophys 680:108228. 
Woolfrey KM, Dell’Acqua ML (2015) Coordination of protein phosphorylation and 
dephosphorylation in synaptic plasticity. J Biol Chem 290:28604-28612. 
Xu Y, Chen Y, Zhang P, Jeffrey PD, Shi Y (2008) Structure of a protein phosphatase 2A 
holoenzyme: insights into B55-mediated Tau dephosphorylation. Mol Cell 31:873-885. 
Xu Y, Xing Y, Chen Y, Chao Y, Lin Z, Fan E, Yu JW, Strack S, Jeffrey PD, Shi Y (2006) Structure of the 
protein phosphatase 2A holoenzyme. Cell 127:1239-1251. 
Zhabotinsky A M (2000) Bistability in the Ca 2+/calmodulin-dependent protein kinase-
phosphatase system. Biophys J 79:2211-2221. 
Zhu LQ, Zheng HY, Peng CX, Liu D, Li HL, Wang Q, Wang JZ (2010) Protein phosphatase 2A 
facilitates axonogenesis by dephosphorylating CRMP2. J Neurosci 30:3839-3848. 
 
C-Editors: Zhao M, Qiu Y; T-Editor: Jia Y 
